Summary. Forearm perfusion studies were carried out to determine the responsiveness to insulin of the superficial forearm tissues in non-obese Type 2 (noninsulin-dependent) diabetics, and the interrelationships among plasma concentrations of glucose, insulin and non-esterified fatty acids (NEFA), tissue uptake of glucose and insulin and tissue release of NEFA. It was found that: (1) in normal subjects, uptake of glucose was dependent on glucose concentration. It was also dependent on insulin concentration in the range of 0-30 mU/1, but not over a wider range of insulin concentration ( < 66 mU/1), indicating that the insulin effect was maximal at approximately 30 mU/1. In contrast, glucose uptake in diabetics was independent of glucose concentration but dependent on insulin uptake over an insulin concentration range up to 140 mU/l; glucose uptake reached the same levels as in control subjects but only at higher concentration and higher uptake of insulin. (2) Insulin uptake was directly dependent on insulin concentration and the regression coefficients were very similar in the two groups. (3) NEFA concentration fell to comparable levels in the two groups of subjects in response to insulin. It is concluded that in Type 2 diabetes: (1) the superficial forearm tissues show decreased responsiveness to the stimulatory effect of both hyperglycaemia and hyperinsulinaemia on glucose utilization but the NEFA-lowering effect of insulin is undiminished, and (2) tissue uptake of insulin is normal, despite the decrease in receptor capacity that has been demonstrated by others.
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Since it was first described by Himsworth [1] , decreased responsiveness to insulin has been demonstrated in Type 2 (non-insulin-dependent) diabetes by a variety of techniques [2] [3] [4] [5] . This unresponsiveness is independent of obesity which is also associated with a decreased hypoglycaemic response to insulin [6] . Using a variety of isotope procedures to measure glucose production and utilization, several authors have demonstrated that in normal subjects stimulation of glucose uptake is a less sensitive response to insulin than is suppression of hepatic glucose production [7] , but that in diabetes it is impaired earlier and more severely than inhibition of hepatic glucose production [8] [9] [10] . In an attempt to determine which tissues are involved in the diminished insulin stimulation of glucose uptake, we previously studied the response of forearm muscle to insulin and found that in nonobese Type 2 diabetics the sensitivity of this tissue was normal despite the presence of decreased total body responsiveness to insulin [11] . We now report on the response to insulin of the superficial forearm tissues.
Subjects and Methods
Forearm perfusion studies were carried out on 12 control subjects (four females, eight males; aged 44 + 2 years) and ten diabetic patients (two females, eight males; aged 48 + 3 years). A detailed explanation of the experiments was given and consent obtained. All subjects were within 8% of ideal body weight. The non-diabetics were healthy volunteers, who had no family history of diabetes or other metabolic disease and took no medications. Preparation of subjects was as previously described [11] ; a diet containing 250 300 g carbohydrate was taken for 3 days preceding the experimental procedure and no food was taken for 14-15 h immediately before the study. The diabetic subjects were all Type 2; they were in good health apart from the diabetes and were leading normal active lives. The clinical features of the patients studied are shown in Table 1 . All took a diet containing at least 225 g of carbohydrate daily; all but one took an oral hypoglycaemic agent. None had previously received insulin. The last dose of hypoglycaemic drug was taken 48 h before the procedure. The technique of forearm perfusion, including the use of arterialized venous blood in place of arterial blood, was similar tO that used for investigation of forearm muscle [11, 12] : venous blood was sampled from the cephalic vein of the forearm and a strain gauge for forearm blood flow measurement was placed around the same forearm; on the contralateral side an infusion of glucose and insulin (pork, monocomponent) was given into an antecubital vein and blood was sampled from a 0012-186X/82/0022/0239/$01.20 vein on the dorsum of the hand which was warmed to increase blood flow so that the venous blood was 'arterialized'. Blood flow was measured by strain gauge plethysmography [14] ; no occlusive cuff was used at the wrist, so that the blood flow measurements were for the forearm and hand [19] .
The experimental protocol was similar to that used previously. In principle, subjects were studied in the basal state and during one or two periods of steady-state hyperglycaemia produced by a glucose injection and infusion and maintained by a 'glucose-clamp' technique [11] ; however basal data were not obtained in one subject of each group. Five control subjects and eight diabetics also received a separate insulin infusion at a constant rate of 25 or 50 mU/ min during the periods of glucose infusion to provide a greater range of plasma insulin concentrations than obtained with glucose infusion alone.
In several preliminary experiments Evans Blue was injected slowly in a retrograde direction through a catheter placed in a deep vein of the forearm and samples were taken simultaneously from the superficial vein; no dye was detected in the superficial vein samples unless an occlusive cuff was placed around the upper arm.
It was concluded that at rest communication between the deep vein and the cephalic vein was not significant and that samples from the cephalic vein were reasonably representative of superficial tissue drainage.
Following positioning of the indwelling needles or a change in the infusion rate of glucose or insulin to achieve a new level of glycaemia, there was an adjustment period to permit stabilization of the glucose concentration. When this had been steady for 1 h, blood flow was measured and arterialized and superficial vein blood were sampled three to four times at 15-rain intervals. Blood flow was measured 12-15 times over a 5-min period; immediately afterwards blood was drawn simultaneously from the superficial vein and from the arterialized vein, placed in heparinized tubes and stored on ice for subsequent separation of plasma and measurement of glucose, insulin and NEFA. From the arteriovenous concentration differences and the blood flow, calculations were made of glucose uptake, insulin uptake and NEFA release by the superficial forearm tissues. The mean concentration and uptake values for each steady-state period were used for subsequent statistical analyses.
Plasma glucose was measured with an oxygen electrode glucose analyzer (Beckman Instruments) and NEFA was measured by the method of Trout et al. [15] . Plasma insulin was measured by a radioreceptor assay [16] having a sensitivity of 0.48 mU/l for standard insulin and 0.71 mU/l for plasma insulin and an interassay coefficient of variation of 5.5%. The haematocrit was measured on all samples to verify that there had been no dilution by the saline used to wash out the IV catheters.
Kontos et al. [17] demonstrated that blood flow to the skin was a fairly constant fraction of total forearm blood flow in the resting limb (40 + 4% over the range of 1 to 4 ml min 1 100 ml tissue-1); Zelis et al. [18] obtained an average value of 48% under similar circumstances. We have therefore assumed that the fraction of flow going to the superficial tissues was the same in all subjects. The ratio of superficial to deep tissues (muscle and bone) is greater in the hand than in the forearm so that the superficial flow in the hand-forearm was an even greater fraction of the total than in forearm alone. To validate this approach measurements were made which demonstrated that the amounts of superficial tissue were comparable in the two groups: (a) The ratio of hand volume to forearm volume, measured by water displacement, was identical for the normal and diabetic subjects (0.33 + 0.01 and 0.35 _ 0.01, respectively); (b) The amount of adipose tissue in the forearm was determined from a computerized tomography scan taken at a level one-third of the distance from the antecubital skin crease to the wrist crease; the area of adipose tissue on the scan was taken as the difference between the total cross-sectional area and that of the muscle-bone, measured by planimetry. The ratio (adipose tissue area:total forearm area) was found to correlate well with the ratio (body weight :ideal body weight) (r= 0.84, p < 0.01). The equation for regression of the area ratio on the weight ratio for non-diabetics was y= -0.63 + 0.82x and that for diabetics was y = -0.76 + 0.93x; the differences between the slopes and elevations of the regression lines were not significant (p > 0.25). Thus the values for total flow, while not correct estimates of superficial flow in absolute terms, are valid, within the variations noted, for comparative purposes.
Calculations of tissue uptake of glucose and insulin and of release of NEFA were made from the arteriovenous concentration differences and the plasma flow (blood flow corrected for haematrocrit) according to the Fick principle. The mean concentration and uptake values for each steady-state period were analyzed by multiple regression analyses with step-wise addition of the independent variables in decreasing order of their contribution to the sum of squares for regression [19] . This analysis also provides the standardized regression coefficient (fl), i.e. the regression coefficient which would obtain if units of measurement were adjusted so that the standard deviation of each parameter = 1, thus allowing direct comparison of regression coefficients based on different parameters.
Results Discussion

Total Body Glucose Utilization
It was assumed that the total rate of glucose utilization during steady-state hyperglycaemia produced by glucose infusion was equal to the mean infusion rate during that period. Simple regression analysis showed a close relationship between total glucose utilization and insulin concentration in both diabetics (regression equation: y = 1.18 + 0.17x) and non-diabetics (regression equation: y = 2.47 + 0.04x); the difference in slopes was significant at p < 0.001. This was confirmed by the multiple regression analysis which demonstrated that for both groups glucose utilization was strongly dependent on insulin concentration but independent of glucose concentration ( Table  2 ). The regression coefficient for utilization on insulin concentration in the diabetics was reduced to about 25% of that of the non-diabetics (p < 0.001 for difference between regression coefficients) thus demonstrating the insulin unresponsiveness of these patients.
Tissue Uptake of Glucose and Insulin and Release of NEFA
The results of individual experiments are shown in Table 3 . Mean plasma flow measurements for hand and forearm were 3.4 + 0.2 for non-diabetics and 3.8 + 0.2 ml min -1 100 ml tissue -1 for diabetic patients. Multiple regression analyses were carried out in turn with glucose uptake, insulin uptake, NEFA concentration (arterial) and NEFA release as the dependent variable and all other parameters as independent variables. The significant regressions are shown in Table  4 . Glucose uptake in controls was dependent on glucose concentration while in diabetics it was related to insulin uptake. While in the control group as a whole glucose uptake was independent of insulin concentration, in those in whom the insulin concentration was < 30 mU/l glucose uptake was dependent on insulin concentration (B = 0.41, fl = 0.44, p < 0.02). In control subjects NEFA concentration was strongly related to insulin concentration, while in the diabetics it was dependent on insulin uptake; the standardized regression coefficients indicate that the responsiveness of the diabetics to insulin uptake was greater than that of the control subjects to insulin concentration. In both groups insulin uptake was determined by insulin concentration and the regression coefficients were very close (Table 4 ). In addition, in nondiabetics glucose concentration stimulated insulin uptake to a significant degree. In neither group was there clear evidence of control of NEFA release by the variables considered in this study, the pvalues falling just beyond the usually accepted level of significance of 0.05.
These results confirm [11] that the rate of total body glucose utilization by both diabetics and non-diabetics is controlled by the plasma insulin concentration but not by the plasma glucose concentration, when this is above the normal basal level and that nonobese Type 2 diabetic patients are relatively unresponsive to insulin [2] [3] [4] [5] 11] . The relationships anticipated in the superficial tissues of the control subjects are described in Figure  1 A. The apparent failure of insulin to influence the glucose uptake in normal subjects (Fig. 1 B) agrees with earlier observations [20] and appears to conflict with the ability of insulin to increase glucose uptake by adipocytes in vitro. However this effect in vitro is maximal at concentrations of 15-25 mU/1 [21] [22] [23] [24] ; in the present work also, when the insulin concentration was < 30 mU/1, glucose uptake was dependent on insulin concentration, but when all data were pooled this relationship was masked by the absence of a relationship at higher concentrations. Contrary to the resuits in skeletal muscle [11] glucose uptake was dependent on glucose concentration. Since adipose tissue accounts for only a small percentage of total glucose utilization [25, 26] , this effect of glucose concentration on the superficial forearm tissues is not evident in the results for total body glucose utilization.
In the diabetic subjects ( Fig. 1 C) insulin uptake was the only determinant of glucose uptake. The mean glucose uptake was not significantly different from that of the controls but it occurred at higher mean levels of insulin concentration and insulin uptake (Table 2 ). These results suggest that there is a defect in glucose metabolism manifested by a failure to respond directly to glucose concentration, as well as a defect in the response to insulin, manifested by a weak stimulation of glucose uptake which persists even at concentrations which elicit a maximal response in normal tissue (i. e. a 'shift to the right' of the insulin dose-response curve).
The strong relationship between insulin uptake and insulin concentration is similar to that seen in muscle [11] . However studies on the effect of glucose concentration on insulin removal have been inconsistent [27] [28] [29] . Our finding of the dependence of insulin uptake on glucose concentration in non-diabetic subjects agrees with that of Tiran et al. [29] ; the lack of a glucose effect in diabetics is further evidence of a failure to respond to the glucose concentration.
The physiological substrate for insulin degradation is receptor-bound insulin [30, 31] . The number of insulin receptors is reduced in Type 2 diabetics [32] [33] [34] [35] and in comparable animal models [36] [37] [38] ; though most of our diabetic subjects received sulphonylureas, which can partially overcome this reduction, it is likely that the receptor number was still Fig. 1 A-C. A Hypothetical relationships between glucose, insulin and NEFA. Glucose concentration controls glucose uptake directly as well as indirectly through the action of insulin. NEFA release is controlled by the availability of intracellular glucose and by the direct antilipolytic action of insulin; NEFA release in turn determines NEFA concentration. The arrows indicating the insulin effects come from an insulin 'black box' since the mechanisms coupling insulin to its sites of metabolic action are unknown. B Relationships found in control subjects. The effect of insulin concentration on glucose uptake was found only at insulin concentrations < 30 mU/1. C Relationships found in diabetic subjects. In B and C: dashed arrows indicate an effect which could not be measured, but is assumed. The light arrows show relationships defined by a regression coefficient ofp approximately 0.06 reduced by 30-40% [39, 40] . Since the rate of uptake, which includes binding, internalization and degradation [41], was not reduced it is concluded that the receptor number was not rate-limiting for insulin metabolism.
Contrary to expectations (Fig. 1A ) in neither group of subjects was there a demonstrable correlation between NEFA release and NEFA concentration; furthermore the influence of insulin appeared to be directly on NEFA concentration and, in agreement with the finding of Zierler and Rabinowitz [20] , the suppression of serum NEFA by insulin was not dependent on increased glucose uptake. Thus none of the variables had a clear effect on the rate of NEFA release; presumably other, unmeasured factors control this function.
While the NEFA concentration was affected by insulin in both groups, the response of the diabetics was greater than that of normal subjects; thus, in agreement with the results of Howard et al. [42] , the diabetic subjects had decreased responsiveness to the stimulatory action of insulin on glucose uptake but not to its NEFA-lowering action. These results, together with those for forearm muscle [11] , demonstrate that decreased responsiveness to insulin is specific for both tissue and metabolic pathway. They also indicate that the antilipolytic action of insulin, like insulin uptake, is not limited by a decrease in insulin receptors.
